Introduction
The periaqueductal gray (PAG) has been shown to be involved in the modulation of nociception (Fardin, et al., 1984; Liebeskind, et al., 1973; Morgan, et al., 1991; Morgan, et al., 1989) , regulation of the autonomic system (Depaulis, et al., 1988; Hayward, et al., 2003) , and in the expression of a variety of behaviors, including sexual (Sakuma and Pfaff, 1979) , maternal (Lonstein and Stern, 1997) , feeding (Van Erp, et al., 1993) and defensive behaviors (Blanchard, et al., 1981; Brandao, et al., 1999; Carrive, 1993; Depaulis, et al., 1992; Fanselow, 1991; Keay and Bandler, 2001 ) (for review see (Behbehani, 1995) ). Canteras (2002) proposed that a medial hypothalamic defensive system (MHZ) mediates stimulus activation of the defense response elicited by a psychological threat stimulus, a predator. The MHZ initially integrates information relayed from the septohippocampal system with projections from several amygdala sites that receive or integrate information about threat stimuli (Canteras, et al., 1995) . In turn, the MHZ relays the information upstream, via the thalamus, to the cortex , and downstream, through descending projections to brain stem regions, particularly the PAG (Canteras, et al., 1997; Canteras and Goto, 1999; . Thus, the PAG has been proposed as part of a pathway for the expression of defensive behaviors.
Histochemical and anatomical analyses following chemical and electrical stimulation of the PAG have led to the depiction of a rostrocaudal columnar organization for this region, which is organized into four columns: the dorsolateral (dlPAG), dorsomedial (dmPAG), lateral (lPAG) and ventrolateral (vlPAG) (Bandler and Keay, 1996) . Electrical and chemical (via excitatory amino acids) stimulation of the dlPAG, the superior colliculus and the inferior colliculus of the rat induces aversive behaviors such as freezing, arousal and escape (Bandler and Carrive, 1988; Bandler, et al., 1985; Brandao, et al., 1990; Brandao, et al., 1985) , while lPAG stimulation elicits defecation and flight (Bandler and Shipley, 1994; Schenberg, et al., 2005) . These behaviors are accompanied by changes in autonomic measures such as heart rate, mean arterial blood pressure and respiration (Brandao, et al., 1988; Carrive, 1991; Hayward et al., 2003) and are followed by analgesia (Coimbra and Brandao, 1997; Coimbra, et al., 1992; Fanselow, 1991) . These reactions further vary between rostral dPAG injections, which produce a confrontational defensive reaction typically associated with orientation toward the threat and with vocalizations, and caudal dPAG injections, which trigger an escape or flight response. Both rostral and caudal dPAGelicited-defense-reactions are accompanied by hypertension and tachycardia (reviewed in (Keay and Bandler, 2001; Keay and Bandler, 2004) ).
A variety of chemical neurotransmitters mediate the defense-related behavioral responses controlled by the PAG. These include glutamate agonists, γ-amino-butyric-acid (GABA), serotonin (5HT), cholecystokinin (CCK) and neuropeptides such as opioids and corticotropin releasing factor (CRF) (Brandao et al., 1999; Brandao, et al., 1982; Cardoso, et al., 1994; Carvalho-Netto, et al., 2007; Graeff, 1997; Jenck, et al., 1986; Melo, et al., 1992) . Receptor binding studies have shown a substantial population of both CRF1 and CRF2 in the PAG (Merchenthaler, 1984; Swanson, et al., 1983) . In addition, CRF immunoreactive terminals in the dPAG have been traced back to the amygdala, the hypothalamus and the bed nucleus of the stria terminalis (BNST) (Gray and Magnuson, 1992) .
Experiments utilizing CRF-peptide agonists and antagonists reveal potentially distinct roles played by the two-receptor subtypes in behavioral and endocrine responses. CRF1 activate the HPA axis response (Pelleymounter, et al., 2002) and also mediate direct behavioral response to stress, including anxiety (Griebel, et al., 2002) , fear (Takahashi, 2001) , aggression (Farrokhi, et al., 2004) and sleep pattern disruptions (Jones, et al., 1998) . These effects are potentiated by CRF compounds preferential to CRF1 (ovine CRF, rat/human CRF), but not exclusive to these receptors. Recently, a novel CRF1 highly selective agonist, cortagine, has been developed. In these studies, cortagine enhanced both anxiogenic responses in the EPM and antidepressant-like behaviors in the Forced-Swim-Test (FST) (Tezval, et al., 2004; Todorovic, et al., 2005) .
Research has shown a role for CRF in PAG excitation in vitro (Bowers, et al., 2003) . Application of CRF produced a dose-dependent excitation of PAG neurons associated with a depolarization of membrane potential in intracellular recordings, which was blocked by the pre-application of the CRF antagonist, α-helical CRF. CRF produced responses of two different durations; a short duration lasting no more than 100 seconds, and a long one lasting between 5 to 20 minutes.
Direct injections of CRF into the dPAG have been shown to produce an anxiogenic effect in the EPM (Martins, et al., 1997) . Intra-PAG injections of the CRF antagonist α-helical-CRF blocked the anxiogenic effect of 4-hours of restraint on EPM performance (Martins, et al., 2000) . Recently, intra-PAG injections of oCRF have been shown to enhance avoidance behaviors in the mouse defense test battery (MDTB) and the rat exposure test (RET) (Carvalho-Netto et al., 2007) . These results support a role for CRF-receptor-mediated PAG excitation in defensive behaviors.
The purpose of the present series of experiments was to characterize the role of CRF1 in the PAG using a novel and highly selective CRF1 agonist cortagine, injected directly into the caudal region of the dPAG, in modulating defensive behaviors in the MDTB and the RET. The MDTB measures defensive responses to a predatory stimulus (an anesthetized rat) including flight, freezing, risk-assessment and defensive threat and attack. In addition, pretest activity and posttest defensiveness are recorded (Blanchard, et al., 2003) . The RET evaluates risk assessment, and various forms of avoidance, including freezing (passive avoidance) and burying (active avoidance) in mice previously habituated to the RET context .
Methods

Subjects
Male Swiss-Webster mice between the ages of 12-15 weeks, obtained from Charles River Laboratories (Wilmington, MA) were used as subjects. Subjects weighed between 30-40 g at the time of surgery. Mice were individually-housed in standard polypropylene cages in a temperature controlled room (20±2 °C) with ad libitum access to food and water and were maintained on a 12 hr light/dark cycle (lights on at 06:00 AM). Testing was conducted during the light cycle between the hours of 1 p.m. and 5 p.m.
All procedures were conducted in accordance with protocols approved by the University of Hawaii Institutional Animal Care and Use Committee.
Surgical Procedure
Unilateral cannulae were implanted into the dPAG using the following coordinates from bregma: AP −4.16mm, ML −1.32mm, DV −2.27mm and entering the skull at 26 degrees. These were based on coordinates from the Mouse Brain Atlas (Paxinos and Franklin, 2001 ).
Animals were anesthetized with an intraperitoneal injection of pentobarbital (90mg/kg), .04 ml glycopyrolate, and isoflurane gas as needed. Thereafter, they were mounted on a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). The scalp was incised and retracted, and the head was positioned to place Bregma and Lambda in the same horizontal plane. One small screw (Small Parts Inc.) was inserted anterolaterally to the site of cannulation. Animals were given 7 days of recovery prior to testing. During this recovery period, cannulae were cleaned and animals were handled daily to habituate and reduce baseline stress levels during drug infusion. ] was obtained from the Max-Planck Institute for Experimental Medicine (Gottingen, Germany). It was diluted in an artificial cerebrospinal fluid solution (CH3COOH/1xaCSF) at pH=7.4 until the final low and high doses were obtained; 30ng/0.2μl (0.034mM) and 100ng/0.2μl (0.1133mM), respectively. 0.2 μl CH3COOH/aCSF solution was used as the vehicle. D-Amphetamine sulfate (Research Biochemicals, MA) was dissolved in sterile physiological saline and administered i.p to rats at a single dose of 5.0 mg/kg 15 min prior to placement into the RET. This procedure was used to facilitate the maintenance of motor activity and stereotypic behavior of the rat (Antoniou and Kafetzopoulos, 1991; Antoniou, et al., 1998) throughout the course of a 10-min trial duration, so that this animal serves as a constant threatening stimulus.
Drug
Cortagine [Glu(21),Ala(40)][Svg(1-12)]×[human/rat CRF(14-30)]×[
Apparatus
MDTB-The Mouse Defense Test
Battery is an oval runway, 0.40m wide, 0.30m high, and 4.4 m in total length, consisting of two 2-m straight segments joined by two 0.4-m curved segments and separated by a median wall (2.0 m°-0.30 m × 0.06m). The apparatus is elevated 0.8 m from the floor to enable the experimenter to hold the rat and move with ease, while minimizing the subjects' ability to view the experimenter. All parts of the apparatus were constructed from black Plexiglas. The floor of the apparatus was marked every 20cm with white lines to facilitate measurement of locomotion distances. Two ceilingmounted video cameras were used to record the test and the room was illuminated with one 100-watt red light.
Rat Exposure Test (RET)-
Testing was conducted in a 46 × 24 × 21 cm clear polycarbonate cage covered with a metal lid. The exposure cage was divided into two equal sized compartments by a wire mesh screen. The home chamber was a 7cm × 7cm × 12cm box made of black Plexiglas on three sides and clear Plexiglas on one side to facilitate videotaping. The home chamber was connected to the exposure cage by a clear Plexiglas tube tunnel (4.4 cm in diameter, 13 cm in length, elevated 1.5cm from the floor of the two chambers).
Experimental Procedure
Mice were tested in the MDTB 7 days post-surgery. One week later, they were tested in the RET. Mice received an intra-PAG injection of CSF or cortagine (30ng or 100ng) and, 8 minutes later, were run in the MDTB. The Long-Evans rats used as the predator stimulus were deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p) 10 minutes before the test session began in order to minimize their discomfort. A total of two rats were used for this experiment. The MDTB consists of the following subtests: 2.5.1 Experiment 1-MDTB-Seven days after surgery, each mouse was transported to the experimental room and left undisturbed for 60 min prior to testing. The apparatus was cleaned with 20% alcohol and dried with paper towels in between trials.
3-minute Pre/Post test: Line crossings, wall rears and wall climbs during the pre-predator (familiarization) period provided data on activity effects of drug treatments. The same measures, during the post-predator period compared to the pretest period, provided an index of enhanced contextual defense following predator exposure.
Predator avoidance test: Avoidance and escape distance are measured when a predator stimulus (a hand-held rat) is brought up to the subject at a speed of approximately 0.5 m/s. Approach is terminated when contact with the subject is made or the subject runs away from the approaching rat. This is repeated five times.
Chase/flight test: The hand-held rat is brought up to the subject at a speed of approximately 2 m/s. The time required to chase the subject 2 complete laps of the runway or 2 min is recorded.
Straight alley test:
The runway is then converted to a straight alley, 80 cm long, by the closing of a door at one end. The rat is placed at one end while the mouse begins the test at the other. Measures are taken for 30 seconds and include immobility time (freezing), and closest distance between the subject and the rat and the number of approaches/withdrawals (these are both measures of risk assessment).
Forced contact test:
The rat is brought up to contact the subject five times. For each such contact, bites, vocalizations, upright postures and jump attacks by the subjects are recorded, and used as measures of defensive threat and attack.
Experiment 2-
The RET-Animals were tested in the RET one week after testing in the MDTB. The bedding material from each subject's home cage was placed in the chamber and surface compartments of the RET, prior to testing. The RET was cleaned and wiped down with 70% ethanol between trials. Amphetamine-treated adult male Long Evans rats (average weight, 450 grams) from breeding colonies maintained at the University of Hawaii were used as predator stimuli. A new rat was used after every five trials or if cessation of movement or stereotypy was observed. A total of three Long-Evans rats were used for this study. The RET consists of the following phases:
Phase 1: Habituation: Each subject was allowed 3 days of habituation in the apparatus. The mouse was placed in the center of the surface and was allowed to explore freely for 10 minutes with no rat present.
Phase 2: Exposure Test: On the fourth day, an amphetamine treated male Long-Evans rat was introduced behind the wire mesh. 8 minutes after receiving a single dose of injection, the mouse subject was placed in the center of the surface area.
Behavioral parameters consisted of proximal and behavioral measures. The proximal measures assessed relative to the location of the stimulus rat were the duration spent in the home chamber, tunnel, and on the surface. Locomotor activity was evaluated by the number of transits between these locations. Total contact time included time spent in contact with the wire mesh. The behavioral measures were frequency and duration of stretch attend postures (SAP, a posture in which the body is stretched forward oriented toward the threat stimulus), freezing, (complete cessation of movement except breathing), grooming, and defensive burying (sawdust pushed from the chamber into tunnel opening). Both the MDTB and the RET procedures have been previously described in detail (Blanchard, et al., 2005) .
Drug Infusion-Mice
were randomly assigned to one of the three groups: artificial cerebrospinal fluid (aCSF, vehicle control) (n=7), 30 ng (n=7), and 100 ng (n=8) cortagine. Cortagine was infused 8 minutes prior to testing via a 10 μl micro syringe (Hamilton) mounted in an infusion pump (Harvard Apparatus) to control the rate of infusion (0.4 μl/ min). The 32-gauge injector was made of stainless steel tubing (Small Parts Inc. FL) and was connected to a 10-μl Hamilton micosyringe with polyethylene-20 tubing (Plastic One, VA). Each mouse was gently restrained by hand and the stylet removed, and 0.2 μl of cortagine or aCSF was injected through the guide cannula over a time course of 30 seconds. The injector was left in place for another 60 seconds to allow for drug diffusion.
Data analysis
Behaviors were scored both live and from videotape using the ethological analysis software "Hindsight" (Developed by Dr. Scott Weiss). A trained observer blind to drug condition scored these behaviors.
One-way analysis of variance (ANOVA) was used to analyze the MDTB and RET data for drug effects. Post hoc Newman Keuls tests were conducted for significant treatment effects relative to control means. A p value <0.05 was considered significant. Fig. 1) Upon completion of the experiments, the animals were deeply anaesthetized with pentobarbital (1mg/kg; Sigma, USA), infused with 0.2 μl methylene blue and transcardially perfused with 0.9% saline followed by 4% formalin. Following extraction from the skull, brains were removed, immersed (at 4 °C) in 4% formalin for 48 hours, and then transferred into 30% sucrose-formalin solution until blocking (at least 48 hours) and sectioning on a cryostat (Leica). Serial 50-μm brain sections were cut, and methylene blue staining was analyzed to locate the positions of the cannulae tip sites in the midbrain according to Paxinos and Franklin's atlas (Paxinos and Franklin, 2001) . Slices between Bregma −4.16 (interaural −0.36 mm) and Bregma −4.72 (interaural −0.92) and within the dPAG region were included in the analysis. Specifically, slices that showed blue dye spread into the aqueduct, or those showing cannula tips in the superior colliculi were excluded from the analysis. The histology was done in an identical manner as in other studies from our laboratory (Carvalho-Netto, et al., 2007) . Data from animals with injection sites outside the dPAG were excluded from the final analysis (n=6), leaving a total of n=7 for the control group, n=7 30ng cortagine and n=8 100ng cortagine. Table 1 presents MDTB results. Cortagine did not produce significant differences between control and drug dose groups in any of the MDTB subtests.
Histology (See
Results
MDTB Results
RET Results
One-way ANOVA indicated a significant dose effect on surface duration [F(2, 19) fig. 3. ) and locomotion frequency ( fig. 3.) (not shown) were not affected by cortagine. Table 2 presents RET data from animals showing cannulae in regions outside the dPAG, specifically the superior colliculi and the aqueduct. These data illustrate the specificity of cortagine's effect injected into the dPAG, as opposed to that at neighboring dorsal and ventral regions.
Discussion
This study describes the effects of intra-dPAG injection of the CRF1 selective peptide, cortagine, on defensive behaviors in mice in two distinct anxiety-related models, the MDTB and the RET. While other studies have evaluated centrally administered CRF-mediated anxiety in these paradigms (Farrokhi, 2006; Yang, et al., 2006) , as well as behavioral effects of a CRF agonist (Martins et al., 1997) and antagonist (Martins et al., 2000) injected directly into the dPAG in rats, this is the first in-vivo study to specifically evaluate the behavioral role of CRF1 in PAG neurons.
The MDTB and RET models differentially manipulate temporal, spatial and learned factors in order to selectively adjust both the presented threat intensity, and the prepotency of individual defensive behaviors. Consequently, the MDTB and the RET differ on several aspects. First, the MDTB tests responses to stimuli varying in intensity, ranging from a light stressor such as novelty (pretest), to an intense stressor, i.e. forced contact with a potential predator, thus providing increasing levels of anxiety/fear over the subsets of the test, whereas the RET evaluates predator avoidance, defensive coping strategies, and risk assessment to a constant threat stimulus. In particular, subjects in the RET are presented with an amphetamine treated rat behind a mesh screen, while the MDTB includes contact with a predator, a factor that may potentiate different behaviors such as defensive threat and attack. Secondly, while behaviors in the MDTB are tightly constrained by the apparatus and threat manipulations, which do not allow subjects to escape or hide from the threat, subjects in the RET may modulate their behaviors in a constant, and familiar context (habituation, see methods section) by escaping to the "home chamber" via a tunnel, thus enabling relative controllability. Thirdly, the behaviors exhibited in the MDTB consist of reactions to both a novel context and to threatening stimuli, whereas the RET isolates reactions to a predator stimulus by previous habituation to the context, thus minimizing novelty-associated anxiety. Lastly, temporal restrictions in the MDTB subtests may selectively modulate time dependent risk assessment, which may in turn influence displayed defensive behaviors. However, animals in the RET are temporally (uninterrupted 10 minutes of testing) and spatially (via the tunnel), able to assess a potential threat and act accordingly. In summary, enhanced threat together with strict temporal and spatial restrictions provide less controllability for the mouse in the MDTB context, a factor which has been known to render situations more stressful (for review see (Maier and Watkins, 2005) ).
Although previous findings from our lab show a mild effect for oCRF injected into the dPAG in the MDTB (Carvalho-Netto et al., 2007) , these effects were not seen for cortagine in the present series of experiments. The lack of effects may be related to a number of factors. First, although oCRF preferentially activates CRF1, CRF2 are activated as well (Tezval et al., 2004) . As a result, an interaction between CRF1 and CRF2 mediated actions might contribute to a broader range of defensive behaviors, including those elicited by both high and low-level stimulus intensities, as in the case with the MDTB. In addition, although similar doses were used in the two studies, cortagine was shown to potentiate anxiety-like behavior in the EPM at a lower dose than oCRF (Tezval et al., 2004) . Secondly, cortagine's enhanced potency may have created a ceiling effect at the 100ng dose, suggesting the value of examination of doses between 30ng and 100ng. Thirdly, cortagine was infused into regions significantly (t-test, p=0.0004) more rostral than our prior infusions of oCRF into the dPAG (Carvalho-Netto et al., 2007) . The averages were: Carvalho-Netto et al. study= −4.67 anterior posterior axis, present study= −4.47 anterior posterior axis. Activation of rostral regions of the dPAG (implicated in confrontational defense) is characterized by decreased blood flow to skeletal muscle and viscera, with increased flow to extracranial vascular beds. On the other hand, activation of caudal regions of the dPAG (implicated in flight) results in increased blood flow to the limbs and decreased flow to viscera and to vasculature supplying muscle and skin in the extracranial regions of the oro-facial region (for review see (Keay and Bandler, 2001) ). Hence, our lack of results may be attributable to a ceiling effect of CRF1 activation on rostral-dPAG controlled confrontational defense, with the relatively low levels of flight in the chase/flight test and high levels of both vocalizations and bites in the forced contact subtest strengthening this hypothesis.
The RET has been shown to produce defensive reactions toward a predator in CD-1 mice , and icv administration of oCRF exacerbates these defenses (Farrokhi, 2006) . Farrokhi (2006) found that oCRF substantially increased avoidance of the predator stimulus, as measured by increased chamber duration, decreased surface duration and decreased mesh contact duration. Similarly, oCRF injected into the dPAG selectively increased measures of avoidance, decreasing risk assessment (as measured by stretch attend postures), although not affecting either burying or freezing (Carvalho-Netto et al., 2007) .
Here, major measures in the RET were altered by injection of 100ng cortagine. Firstly, spatial measures, namely location preference and duration of contact with the mesh were affected. These animals displayed a clear preference for the chamber, while significantly reducing time spent on the surface. Furthermore, the high dose of cortagine significantly affected mesh-contact duration. These behavioral changes implicate avoidance as a preferred defensive strategy in animals injected with 100ng of cortagine. Secondly, cortagine robustly increased the duration of burying, an activity that has been shown to respond consistently to anxiolytic drugs (De Boer and Koolhaas, 2003) . It is noteworthy to mention that locomotion frequency, a control for selective motor effects, did not differ between the groups, suggesting the variation in behaviors may be attributed to a change in anxiety.
In earlier studies, rats that received an intra-PAG injection of a CRF peptide and were subsequently tested in the EPM showed an increase in closed arm duration, while locomotion measures were unaffected (Martins et al., 1997) . These results point to a significant effect of CRF on avoidance behaviors in the EPM. The RET and the EPM enable subjects to control the perceived intensity of the stimulus by moving toward or away from it, and the "anxiety" measures taken reflect these actions. Considering these similarities in defense across both situations the anxiogenic-like effects of intra-PAG oCRF administration in the RET (Carvalho-Netto et al., 2007) agree with prior observations in the EPM (Martins et al., 1997) . The present RET results corroborate this analysis and further specify the mediating mechanisms of CRF1 in these effects.
In summary, the present results are in partial agreement with previous findings of an excitatory effect of CRF in dPAG-induced emotional responses to a stressor. They further implicate CRF1 as a primary receptor mediating these effects. Location preference # indicates p<0.001, ** indicates p<0.01, * indicates p<0.05 Duration of selected behaviors in the RET # indicates p<0.001, ** indicates p<0.01, * indicates p<0.05 Table 1 Cortagine MDTB Table 2 Selected behaviors in the RET from four subjects that received cortagine injections, yet whose cannulae were in neighboring regions to the dPAG (the superior colliculi (S.C.) and the aqueduct). 
